The authors experimentally studied the chloride binding capacity of mortar specimens made with various combinations of Portland cement, blast furnace slag, and pozzolans. In the experiment, a pore liquid extraction method, chloride titration test, a quantitative analysis of Friedel's salt based on the XRD method, and a mercury intrusion porosimetry test were conducted in order to measure chloride ions, adsorbed chlorides on the pore wall, and solid-phase chlorides (Friedel's salt), separately. It was clearly shown that the amount of Friedel's salt strongly depends on the type of binder used, whereas adsorbed chlorides is controlled by the micropore structure and the characteristics of the hydrated products.
Introduction
The framework for the prediction of service life, durability design and maintenance of concrete structures has recently been under improvement. For example, the Standard Specifications for Concrete Structures published by the Japan Society of Civil Engineers (2002) specifies the verification for reinforcing bars corrosion caused by the ingress of chloride ions in the design of concrete structures. The method of testing the diffusion coefficient of chloride ions is also standardized (JSCE 2003) . Challenges for the future are to improve performance evaluation techniques and durability design by quantifying and generalizing the movement and equilibrium of chlorides based on the latest framework.
Chlorides present in hardened cement pastes are generally classified into chloride ions and bound chlorides (Maruya et al. 1998) (Fig. 1) . Chloride ions present in concrete are dissolved in the pore liquid and are in a freely-mobile form. Bound chlorides, on the other hand, apparently do not move at ordinary concentration gradients or in ordinary advective environments. Bound chlorides can be further classified into constituents of hydrates, as Friedel's salt (C 3 A•CaCl 2 •10H 2 O), and chlorides adsorbed into the pore walls. The total quantity of chlorides in a hardened cement paste is the sum of the amount of chloride ions and bound chlorides. Hardened cement pastes with good binding capacity are expected to be relatively low in chloride ion content and highly resistant to steel corrosion. Accordingly, it is important to have a grasp of the relationship between chloride ions and bound chlorides in concrete under various conditions so as to improve the accuracy of method used to predict the chloride-induced corrosion of reinforcing bars in concrete.
Chlorides bound as Friedel's salt (solid-phase chlorides) are thought to be dependent on the Al 2 O 3 content in the binder and the quantity of monosulfate formed (Glass et al. 1997) . Further, it is expected that the quantity of chlorides adsorbed into hydrates (adsorbed chlorides) will vary depending on the geometric characteristics of pore structure, electric charge of pore surface, etc. The objective of this research is to quantify the equilibrium between chloride ions and bound chlorides in hardened cement pastes. The specimens consist of cement and varying mineral compositions and gypsum contents as well as some made with cement and ground granulated blast furnace slag and pozzolans to examine the effects of mineral admixtures.
Test methods (1) Materials and mix proportions
The physical properties and chemical composition of the ordinary Portland cement (OPC), high early-strength Portland cement (HPC), low-heat Portland cement (LPC), ground granulated blast furnace slag (BFS), fly ash (FS) and silica fume (SF) used in the test are listed in Table 1 . In this test, the used blast furnace slag did not contain gypsum. The specific surface area of each material except for the silica fume corresponds to the Blaine fine- ness index, whereas that of the silica fume in the table is not an actual measurement of the lot used in the test but the average (published data measured by the BET method) of products on the market. The series of test specimens and their materials and mix proportions are listed in Table 2 . For the series using Portland cement without mineral admixtures, specimens made with ordinary Portland cement (NC), high early-strength Portland cement (HC) and low-heat Portland cement (LC) were prepared. To examine the effects of gypsum content on the amount of bound chlorides, two test series (NGS and NGL) with varying gypsum contents were prepared. The total quantity of cement and gypsum is in this research defined as the quantity of binder. The purity of gypsum is more than 98%. From a practical point of view, the quantity of gypsum specified in the mix seems quite large. In this research, intentionally large quantity of gypsum was used in order to see the effect of gypsum on chloride binding capacity of hardened cement paste matrix. Prefixes B, F and S added to the specimens in mineral admixture series represent ground granulated blast furnace slag, fly ash and silica fume, respectively. The number suffix on these test series indicates the admixture replacement ratio as a percentage by mass of total binder. Mortar specimens having a water-to-binder ratio of 50% were prepared using JIS ) for the fine aggregate and ion-exchanged water for mixing the cement pastes.
The properties of the fresh mortar specimens were almost same except for the test specimen with a 40% silica fume replacement ratio. Accordingly, 0.4% of an air-entraining and high-range water-reducing agent (as a percentage by mass of binder) was added to this test specimen to adjust its properties.
(2) Method of preparing test specimens and curing conditions The method used to mix the cement pastes was in accordance with JIS R5201 10.4.3 and the mortar were mixed and placed in forms at 20°C. The dimensions of the prepared test specimens were φ50 x 100 mm. Forms were removed on the day following placement and the specimens were then cured under water for 28 days. For series F and S specimens, which included Pozzolans, the specimens were cured under water for 91 days so that the pozzolanic reactions sufficiently proceed. After completion of curing, test specimens were cut into slices and cubes for the various types of test, as described later. To be more precise, sections 10 mm from the ends of a test specimen were removed to eliminate the effects of segregation. From the remaining 80 mm long section of the cylindrical test specimens, six φ50 x 10 mm slice specimens and about 250 cubic specimens 7 mm on a side were taken using a wet-type diamond cutter. The test specimens were then immersed in the NaCl solution of the prescribed concentration described later.
(3) Test items and methods a) Definition and determination of the quantities of chloride ions and bound chlorides Basically the JCI method (JCI-SC4) was used to analyze the quantity of chlorides in the hardened cement pastes. Strictly speaking, however, the quantity of soluble chlorides obtained by this means is not equal to the total quantity of chloride ions present in the pore liquid. This is because soluble chlorides are extracted in warm water at 50°C, so they can be expected to include some chlorides that would be adsorbed at a normal temperature of 20°C and some of the solid-phase chlorides that take the form of Friedel's salt. For this reason, a comparison was made between the total quantity of chloride ions measured with a pore liquid extractor (Barneyback and Diamond 1981) and the quantity of soluble chlorides in a test specimen obtained under the same conditions to formulate the relationship between the two quantities for the respective test series (Maruya et al. 1998) . This allows for conversion of measurements obtained using the relatively simple and easy JCI method to the true quantity of chloride ions. The total quantity of chloride ions in a test specimen was determined from the product of the concentration of chloride ions in the pore liquid and the volume of the pore liquid. The volume of pore liquid was defined as the volume of pores (3.2 nm to 320 μm in radius) measured using mercury intrusion porosimetry in the test specimen after immersion in the NaCl solution. More specifically, it was assumed that the volume of spaces in which chloride ions were capable of being present was equal to the volume of pores measured by mercury intrusion porosimetry.
After the 10 mm test slices were immersed in NaCl solution (using three levels of concentration as listed in Table 3 ) for 14 and 28 days, the concentration of chloride ions in the pore liquid was measured, the quantity of total soluble chlorides was measured by the JCI method and the quantity of Friedel's salt was determined by powder X-ray diffractometry (XRD). Further, in order to accelerate the penetration of chloride ions from the exterior in a short period of time, cubic specimens with a large ratio of immersed area to volume were used in addition to the slice specimens for the measurement of the total quantity of chlorides and soluble chlorides. The concentrations of chloride ions in the solutions used for immersion of test specimens and immersion periods are listed in Table 3 . b) Determination of quantity of Friedel's salt The quantity of Friedel's salt was determined by the XRD internal standard method (referred to here as the XRD method) using synthesized Friedel's salt and its calibration curve. Methods of determining the quantity of calcium aluminate hydrates by the XRD method aiming at pastes of Portland cement and synthetic clinker minerals have been reported in several papers (Sakai et al. 1998; Inoue et al. 2002) . However, there have been few examples of the XRD method being used for mortar specimens. Accordingly, the procedure used to determine the quantity of Friedel's salt by the XRD method is described below (Fig. 2) .
The standard substance of Friedel's salt was synthesized by hydrating the mixtute of C 3 A and CaCl 2 with stoichiometric ratio at a water-to-powder ratio of 2, and cured for 7 days (Japan Cement Association 2001). The C 3 A was prepared by firing the mixture of reagent grade calcium carbonate and aluminum oxide. Ideally, the density and chemical composition of a sample for preparing the XRD method calibration curve should be close to those of the test specimen to be measured (The Japan Society for Analytical Chemistry 2005). For this test, standard sand at 50% as specified in the mix proportion was added so that the sample was under conditions as close as possible to the test specimen after immersion in the NaCl solution. Calcium carbonate was used as a diluent to supply calcium; it was mixed with the synthesized Friedel's salt in prescribed quantities. For example, the quantity of Friedel's salt required to give 1% on a mass percentage basis on the calibration curve was obtained by mixing standard sand, calcium carbonate and Friedel's salt to make a 50/49/1 mix of standard sand/calcium carbonate/Friedel's salt on a mass percentage basis. As an internal standard, 10% α-Al 2 O 3 (by mass of sample) was added to the above sample. The standard sand, diluent, standard substance (Friedel's salt) and internal standard (α-Al 2 O 3 ) were dried at reduced pressure using a water aspirator for 7 days and pulverized before use.
The diffraction peak used for the determination of quantity was at 2θ = 11.3° [002] for Friedel's salt and at 2θ = 52.5° [024] for α-Al 2 O 3 (CuKα = 1.5405 Å). X-ray diffraction measurement conditions were as follows: tube voltage = 40 kV, tube current = 250 mA, scan rate = 0.2 deg/min and step size = 0.02 deg. The area of diffraction peak was determined by calculating an integrated intensity of the function after fitting of the peak propfile using the least-squares method. The calibration curve was prepared from the ratio of diffraction peak area (of the standard substance to internal standard). In this case, if a diffraction peak of Kuzel's salt was present adjacent to the that of Friedel's salt, the integrated intensities of the Friedel's salt and Kuzel's salt were separated by the addition of a function corresponding to the diffraction peak of Kuzel's salt and by function-fitting the diffraction peak. By this means, only the integrated intensity of the Friedel's salt was used. As can be seen from Fig. 3 , the calibration curve shows good linearity.
Using the calibration curve, the quantity of Friedel's salt in test specimen after immersion in the NaCl solution was determined as follows. A mortar test specimen immersed in the solution for the prescribed period was pulverized with acetone to stop hydration, and after suction filtration the pulverized specimen was dried in a water aspirator for 7 days, which corresponds to the same drying condition as in the case where the calibration curve was obtained. The test specimen was further pulverized before measurement and 10% internal standard (α-Al 2 O 3 ) by mass of specimen was added to the pulverized material. The mass of the test specimen used for determination of the quantity of Friedel's salt was standardized at 2.0 g. The ratio of diffraction peak area of the Friedel's salt to that of the internal standard, as obtained from X-ray diffraction, was calculated and the quantity of Friedel's salt in the mortar was then determined from the calibration curve. c) Method of calculating quantity of chlorides normalized by mass of binder The total quantity of chlorides and soluble chlorides determined by the JCI method and the quantity of Friedel's salt determined by the XRD method are given as a ratio to the mass of the sample (% by mass of sample). Although this measure is effective for evaluating the total quantity of chlorides in the concrete, it does not provide a generalized unit suitable for various mixing conditions when evaluating differences in chloride binding capacity due to the type of cement and admixtures. For example, taking into account the fact that chlorides in hardened cement pastes are bound by the cement hydrates, then in mixes with a large cement content per unit volume of concrete, the quantity of chlorides bound per mass of sample is high because the quantity of hydrates contributing to binding chlorides is large. For this reason, the measured chloride amounts were rearranged as a ratio to the mass of binder (% by mass of binder).
To convert the measured quantity of chlorides per mass of sample to the quantity of chlorides per mass of binder, the simplest and easiest method is to assume that the unit mass of binder, the unit mass of water and the unit mass of aggregate in the test specimen are the same as in the original mix. However, as shown in Fig. 4 , the quantity of binder may vary even for an equivalent sample mass, since the quantity of water remaining in a sample after D-dry or drying in a water aspirator varies with drying conditions and the degree of hydration. To eliminate factors causing such errors wherever possible, corrections are made by the loss on ignition method in converting from the quantity of chlorides by mass of sample to that by mass of binder.
First, the ratio of a component in a test specimen is determined after D-dry or drying in a water aspirator using the Equation (1) below, using the quantity of water determined by the loss on ignition method.
( )
where P Wn = ratio of mass of water (mainly bound water) contained in the sample determined by the loss on ignition; P S = ratio of mass of fine aggregate; P B = ratio of mass of binder; I = measured loss on ignition (% by mass of sample). Because the quantity of fine aggregate is the same as the quantity of binder, P S and P B in Equation (1) are both set at 1.0. From the above equation, the quantity of chlorides per mass of sample obtained by the JCI method and XRD method can be converted into a quantity per mass of binder using Equation (2).
where Cl binder = quantity of chlorides per mass of binder (% by mass of binder) and Cl sample = quantity of chlorides per mass of sample (% by mass of sample). Next, a method of converting the concentration of chloride ions obtained with the pore liquid extractor is described below. The concentration of chloride ions per mass of binder C free (% by mass of binder) is given by Equation (3) below. As noted above, because the volume of pores (of radius 3.2 nm to 320 μm) measured by mercury intrusion porosimetry is defined as the volume in which chloride ions are capable of existing, the Equation (4) (3) and (4).
Chloride binding capacity of mortar using Portland cement without admixtures (1) Relationship between chloride ions and soluble chlorides
The concentration of chloride ions in the pore liquid is measured by potentiometric titration of a solution obtained with a pore liquid extractor using a silver nitrate solution. Figure 5 shows actual examples of measurements. The figure shows the concentration of chloride ions in the pore liquid extracted from test specimens HC, NC and LC immersed in NaCl solutions with three levels of concentration for 28 days. The 1, 3 and 10% NaCl solutions are equal to 173, 529 and 1,900 mol/l in chloride ion concentration. As this figure shows, the concentration of chloride ions present in hardened cement pastes is higher than the concentration in the immersion solution and varies with the type of cement. Similar tendencies have been reported in past research (Someya et al. 1989; Maruya et al. 1998) . In addition, the lower the concentration of the NaCl immersion solution, the relatively greater the increment in the concentration of chloride ions in the pore liquid. This phenomenon is interpreted as follows: positively charged pore surfaces attract negative chloride ions, resulting in the increase in the concentration of chloride ions in the pore liquid (Maruya et al. 1998) . Accordingly, this result indicates that the same value cannot be assumed for the concentrations of chloride ions in hardened cement pastes and immersion soluition even if the chloride ions are in equilibrium. Figure 6 shows the relationship between the quantity of chloride ions and that of soluble chlorides obtained from the test. These values are expressed as percentage by mass of powder. The quantity of soluble chlorides is determined from Equation (2) and the quantity of chloride ions in a test specimen is determined from Equation (5). For the test series with gypsum added, the quantity of powder is the sum of the cement and gypsum quantities. As shown in the figure, there is a greater quantity of soluble chlorides than the chloride ions in the test specimens under the same conditions of immersion period and concentration. This relationship between chloride ions and soluble chlorides is formulated as given by Equation (6) 
where C free = quantity of chloride ions [% by mass of binder] and C sol = quantity of soluble chlorides [% by mass of binder]. From a physical viewpoint, the power function means that the quantity of soluble chlorides decreases as the quantity of chloride ions increases. To be more specific, the quantity of partially adsorbed and solid-phase constituents extracted from test specimens using warm water decreases relatively and the quantity of chloride ions and the quantity of soluble chlorides gradually equalizes in the region where the concentration of chloride ions is high.
(2) Effects of quantity of gypsum Figure 7 shows the relationship between the quantities of chloride ions and bound chlorides in test series NC, NGS and NGL. The test results in the figure include those obtained by both the pore liquid extraction and JCI methods. The quantity of soluble chlorides determined by the JCI method is converted into the quantity of chloride ions using Equation (6). Calculation results exceeding the applicable range of Equation (6), i.e. chloride ions exceeding 2.5% by mass of binder, are removed from the plot to avoid loss of reliability. The quantity of bound chlorides is determined by deducting the quantity of chloride ions from the measured total quantity of chlorides. As can be seen from the figure, the quantity of bound chlorides shifts greatly with the addi- tion of gypsum and chloride binding capacity markedly decreases as more gypsum is added. To study the mechanism of this behavior in detail, the authors attempted to separate the bound chlorides into solid-phase chlorides and adsorbed chlorides.
The study was carried out using the case of test specimens immersed in NaCl solution for 14 days. The study results obtained by the XRD method are shown in Fig. 8 . Only the test results at diffraction angles 2θ = 10-12° are extracted and plotted in the figure. As is clear from test series NC and NGS, the quantity of Friedel's salt formed tended to increase as the concentration of chloride ions increased. In addition, the diffraction peak intensity corresponding to Friedel's salt decreased as the quantity of gypsum increased. No Friedel's salt was observed in test series NGL, in which the greatest quantity of gypsum was added. Figure 9 shows the study results obtained by the XRD method (at 2θ = 8.5-10.5°) immediately before the immersion of test specimens in the NaCl solution. As is apparent from the figure, the addition of a large quantity of gypsum in test series NGL increased the formation of ettringite (the peak at 2θ = 9.1°) but did not cause a shift to monosulfate (the peak at 2θ = 9.9°). This is why the formation of Friedel's salt was not observed in test series NGL. A similar tendency has been reported in hardened cement pastes containing gypsum mixed with ground granulated blast furnace slag (Kato et al. 2003) .
A diffraction peak at 2θ = 10.6° distinct from the diffraction peak corresponding to Friedel's salt was observed in test series NC and NGS at low NaCl concentrations (Fig. 8) . The same tendency was observed in the test series described later where ground granulated blast furnace slag was used (Fig. 15) . This substance identified at low NaCl concentrations is likely to be Kuzel's salt (C 3 A•(0.5CaSO 4 •0.5CaCl 2 )•10H 2 O), as pointed out in past research (Glasser et al. 1999) . However, this diffraction peak is not included with the solid-phase chlorides in this study because no method of determining the quantity of Kuzel's salt by the XRD method has yet been established (Glasser et al. 1999) . Figure 10 shows the relationships between the quantities of chloride ions, solid-phase chlorides and adsorbed chlorides for respective test series. The quantity of adsorbed chlorides is determined by deducting the quantity of solid-phase chlorides obtained by the XRD method from the total quantity of bound chlorides. As described earlier, the solid-phase chlorides referred to in the paper indicate only Friedel's salt (C 3 A•CaCl 2 •10H 2 O). Accordingly, compounds that bind chlorides in a different form, such as Kuzel's salt, may be included in the adsorbed chlorides. The quantity of solid-phase chlorides varies greatly depending on the test series and decreases with the amount of gypsum added. On the other hand, no clear difference is observed in the quantity of adsorbed chlorides among the various test series. Adsorption behavior was expected to vary with the specific surface area or charge state of the pore walls, but from a macroscopic viewpoint, no particular changes in adsorption behavior were observed with the addition of gypsum. As noted above, the difference in the chloride binding capacity among the test series NC, NGS and NGL is chiefly dependent on the quantity of solid-phase chlorides.
(3) Effects of mineral composition Next, the effects of mineral composition are discussed. Figure 11 shows the equilibrium between chloride ions and bound chlorides for test series NC (ordinary mortar), HC (high early-strength mortar) and LC (low-heat mortar). Quantities are calculated in the same way as described in the previous subsection. From the viewpoint of chloride binding capacity, the ranking of mortar types from lowest to highest is NC, HC and LC. This is thought to reflect the Al 2 O 3 content in the cement ( Table 1) .
As in the previous subsection, bound chlorides were separated into solid-phase chlorides and adsorbed chlorides to study in detail the contributions to chloride binding of solid-phase and adsorbed chlorides and the results of the study are shown in Fig. 12 . As can be seen from the figure, the quantity of solid-phase chlorides varies greatly with difference in mineral composition. In particular, the quantity of Friedel's salt formed is small in the test series made with low-heat cement. Mineral compositions estimated by Bogue's formula based on the chemical compositions in Table 1 are shown in Table 4 . The estimated proportions of calcium aluminate, C 3 A, in ordinary cement and low-heat cement are 10.0% and 3.1%, respectively. The quantities of solid-phase chlorides in the test series made with ordinary and low-heat cement were expected to reflect the proportion of C 3 A, but the discrepancy from actual measurements is larger than originally thought.
The chemical proportion of C 3 A, based not on absolute quantity but in the form of the mole ratio of gypsum to C 3 A (CaSO 4 /C 3 A), is also listed in Table 4 . The estimated mole ratio for test series LC made with low-heat cement is 2.61, which is nearly the same as that for the test series NGL (2.68) in which a large quantity of gypsum is added to ordinary cement. More specifically, the quantities of gypsum contained in both test series are relatively high in relation to C 3 A and it is thought that, as a result, the quantity of Friedel's salt formed from monosulfate is lower. This hypothesis is considered applicable not only to test series LC and NGL but also to all other test series. In other words, the quantity of Friedel's salt formed correlates with the mole ratio of CaSO 4 /C 3 A.
On the other hand, no noticeable difference was observed in the quantity of adsorbed chlorides with different mineral compositions. This is similar to the result discussed in the previous subsection. Although adsorption behavior was expected to vary with the pore structure of the hardened cement paste and the C/S ratio, it was clear that no particular change in the quantity of adsorbed chlorides took place within the range of test conditions where only Portland cement was used as the binder.
Chloride binding capacity of mortar including mineral admixtures (1) Effects of ground granulated blast furnace slag as cement replacement
In line with the method described in the previous section, the first step was to experimentally obtain the relationships between quantities of chloride ions and soluble chlorides for the mortars using ground granulated blast furnace slag (Fig. 13) . The relationships are formulated as follows. Figure 14 shows the relationship between chloride ion and bound chloride quantities for test series B using ground granulated blast furnace slag (with a cement replacement ratio of 0-80%). As shown in the figure, test specimens with low replacement ratios, such as B20 and B40, have a relatively high chloride binding capacity, whereas the chloride binding capacity of the test speci- men with a 60% replacement ratio is comparable to that of the test series NC without replacement. The test specimen with an 80% replacement ratio is lower than that of all test specimens using Portland cement without mineral admixtures. A similar tendency in the relationship between the replacement ratio of ground granulated blast furnace slag and chloride binding capacity has been reported in past research (Kato et al 2003) . To study the mechanism of this behavior in detail, bound chlorides were separated into solid-phase chlorides and adsorbed chlorides as in the previous chapter.
The study was carried out using the case where test specimens were immersed in NaCl solution for 14 days. Before the immersion of test specimens in the NaCl solution, only monosulfate was found since the used BFS did not contain any gypsum. The results for immersed cases obtained by the XRD method are shown in Fig. 15 . Results at a diffraction angle 2θ = 10-12° only are extracted. The common tendency among this test series is that the quantity of Friedel's salt formed increases with increasing salt concentration in the solution, but the diffraction peak of Friedel's salt decreases as the replacement ratio exceeds 40%. To quantitatively analyze these phenomena, the relationships between the quantities of chloride ions and solid-phase and adsorbed chlorides are plotted (Fig. 16) . As this figure makes clear, the quantities of solid-phase chlorides in test series B20 and B40 are markedly higher. The inferred reason for this that, although the quantity of Al 2 O 3 originating from Portland cement decreases as the replacement ratio is increased, the quantity of Friedel's salt formed increases through monosulfate formed from the reaction between ground granulated blast furnace slag and gypsum or the reaction between ground granulated blast furnace slag itself and chloride ions (Wanibushi et al. 1999) . The other phenomenon is that the quantity of solid-phase chlorides decreases at replacement ratios of 60% or more. The detailed mechanism behind this is unknown, but possible factors are a change in the chemical composition of the pore liquid and a change in the calcium aluminate hydrates as the replacement ratio increases.
Next, attention is focused on the quantity of adsorbed chlorides. For test series with high replacement ratios, such as B60 and B80, the quantity of adsorbed chlorides was markedly higher. Although a simple comparison is not possible because the compositions of the formed C-S-H (particularly the C/S ratio) vary with the replacement ratio, a possible explanation is that the use of ground granulated blast furnace slag increases specific surface area of the pore structure, resulting in a greater adsorbable area.
(2) Effects of pozzolans as a cement replacement Figure 17 shows the relationship between the quantities of chloride ions and soluble chlorides in the test series using fly ash. Regression curves for the relationships are given by the following equations: It has been well known that characteristics of fly ash may vary considerably depending on the source and burning process of coal, which may lead to different chlorides behavior in micro-pore structures. Thus, the authors understand that the above equation (8) may be applied to similar types of fly ash used in this test, and further study is necessary in order to derive a generalized equation.
The relationship between the quantities of chloride ions and bound chlorides is shown in Fig. 18 . As compared with the test series using cement without admixtures, the quantity of bound chlorides is slightly lower in the high concentration region.
The bound chlorides were separated into solid-phase chlorides and adsorbed chlorides. The resulting relationships between quantities of chloride ions and solid-phase chlorides and adsorbed chlorides are shown in Fig. 19 . It has to be noted here that, in some cases, the quantity of solid phase chlorides obtained by the XRD method exceeded the total quantity of bound chlorides, although this trend was found only in this test series. As already explained, since the quantity of adsorbed chlorides is determined by deducting the quantity of solid-phase chlorides from the total quantity of bound chlorides, the quantity of adsorbed chlorides takes a negative value in such a case. In Fig. 19(b) , obtained negative values are not plotted, and this is also a reason why some of the solid-phase chlorides shown in Fig.  19(a) become larger than corresponding quantity of bound chlorides.
The quantity of solid-phase chlorides tends to be higher than in test series NC at a replacement ratio of 40%. This indicates that Al 2 O 3 in the fly ash contributes greatly to the formation of Friedel's salt. Focusing on the quantity of adsorbed chlorides, the adsorption capacity of test series F20 is comparable to that of NC but is substantially lower at a replacement ratio of 40%. The reason for this decrease is that, although the pore structures become finer and the specific surface area increases with the inclusion of fly ash, the composition of the formed C-S-H, particularly the C/S ratio, decreases substantially, resulting in a decrease in adsorption capacity (Beaudoin et al. 1990) .
Next, the mortars with part of the cement replaced with silica fume are studied. The relationships between quantities of chloride ions and soluble chlorides are shown in Fig. 20 and formulated as given by Equation (9). 
Equation (9) is applicable up to a concentration of 1.5% of chloride ions (by mass of binder) because the quantity of chloride ions permeating the interior is low. Figure 21 shows the equilibrium between chloride ions and bound chlorides when part of the cement is replaced with silica fume. Commonly, the silica fume replacement ratio is 5%-15% of the cement and the wa- ter-to-binder ratio is often kept low for the purpose of increasing strength and durability. In contrast to this standard practice, a high water-to-binder ratio and intentionally higher replacement ratio was used in the experimental mix proportions here because it proved very difficult to extract pore liquid from test specimens with a low water-to-binder ratio. This should not affect the most important objective of this research, which is to make clear the role of silica fume as a pozzolan in chloride binding. As is clear from Fig. 21 , the quantity of bound chlorides falls as the replacement ratio is increased. As before, the bound chlorides were separated into solid-phase chlorides and adsorbed chlorides. The relationships between quantities of chloride ions and solid-phase chlorides and adsorbed chlorides are shown in Fig. 22 . The detected amount of solid-phase chlorides was infinitesimal. The reason for this is considered to be that silica fume itself contains little Al 2 O 3 and the pozzolanic reaction substantially reduces the concentration of OH -ions; as a result, Friedel's salt disappears. The quantity of adsorbed chlorides in test series NC is similar in tendency to that of S40, while the in test series S20 it is higher. From the viewpoint of chloride binding capacity, the observed macroscopic change in the quantity of adsorbed chlorides is thought to occur as a result of a combination of the positive effect of the finer micro-pore structure (an increase in surface area) and the negative effect of a decrease in the C/S ratio of hydrates caused by the addition of silica fume.
As discussed in the previous section, changes in the mineral composition and quantity of gypsum added do not greatly affect the quantity of adsorbed chlorides in mortar using Portland cement without mineral admixtures. The primary factor that controls chloride binding capacity in such cases is the quantity of Friedel's salt formed. For mortar including mineral admixtures, the quantity of Friedel's salt formed is dependent on the chemical composition of a binder and, further, the properties of the formed hydrates vary, which leads to a large difference in the macroscopic quantity of adsorbed chlorides. This is one of the characteristic phenomena associated with the use of mineral admixtures.
Conclusions
The authors prepared test specimens using Portland cement with various chemical compositions and also with some cement replaced with various mineral admixtures. The total quantity of chlorides in the test specimens was separated into chloride ions, solid-phase chlorides and adsorbed chlorides to clarify and quantify the mechanism (1) The quantity of bound chlorides varies greatly with the quantity of gypsum added. In particular, when gypsum is added in large quantities, the transformation from ettringite to monosulfate does not occur and it is observed that Friedel's salt formation ceases completely. Further, when the mineral composition is varied, the quantity of Friedel's salt formed depends on the Al 2 O 3 content of the cement. These results can be explained quantitatively in terms of the mole ratio of calcium aluminate to gypsum in the binder. (2) No noticeable difference in the quantity of adsorbed chlorides is observed among test specimens made using Portland cement without mineral admixtures within the range of test conditions. Adsorption behavior was expected to vary with the specific surface area and surface charge of the pore walls as the available area for adsorption, but no particular difference was seen from the macroscopic viewpoint of chloride binding even when the mineral composition and quantity of gypsum were varied. (3) For the mortar using mineral admixtures, the quantities of solid-phase chlorides and adsorbed chlorides vary greatly depending on the type of mineral admixture and the admixture replacement ratio. When cement is replaced with ground granulated blast furnace slag at replacement ratios up to 40% and when fly ash is used, the quantity of solid-phase chlorides rises as the quantity of the admixture is increased. The Al 2 O 3 content of ground granulated blast furnace slag and fly ash is considered as contributing to the formation of Friedel's salt. When the replacement ratio of ground granulated blast furnace slag is increased up to 60% and 80%, however, the quantity of solid-phase chlorides begins to decrease. Moreover, when silica fume is used, the formation of solid-phase chlorides is hardly observed at all. (4) A macroscopic change in the quantity of adsorbed chlorides is brought about by the combined effect of differences in the specific surface area of the pore structure and the properties (in particular the CaO/SiO 2 ratio) of the hydrates formed when mineral admixture is added. (5) A method was proposed for determining the quantity of Friedel's salt present in mortar test specimens using the XRD method. Further, the authors demonstrated that it is possible to determine the concentration of total chloride ions in the pore liquid and to separate bound chlorides into solid-phase chlorides and adsorbed chlorides and thereby determine their respective quantities. The concentration of chloride ions was measured using a pore liquid extractor, the volume of pore liquid using mercury intrusion porosimetry and the quantity of total soluble chlorides by the JCI method.
